Background: Cardiac lipomatous metaplasia (LM) occurs in patients with chronic ischemic heart disease and heart failure with unclear mechanisms. We studied coronary occlusion/reperfusion-induced myocardial infarction (MI) in rabbits during a 9-months follow-up using 3.0 T magnetic resonance scanner, and confirmed the presence of MI in acute phase and LM in chronic phase using histopathology.
Background
The moderate size rabbit model of occlusion/reperfusioninduced myocardial infarction (MI) has been used in cardiac imaging research [1] [2] [3] . In particular, its versatile advantages have been demonstrated in cardiac magnetic resonance imaging (cMRI) studies at a 1.5 T clinic magnet [2] . 3.0 T MRI scanner with 8-channels or more cardiac array coils can obtain cardiac images with higher signal-to -noise-ratio, temporal and spatial resolutions, and shorter acquisition time compared to the conventional 1.5 MRI scanner [4, 5] . However, there are few reports on the evaluation of rabbit model of occlusion/reperfusion-induced MI by 3.0 T scanner. In this experiment, we applied a 3.0 T magnet to re-evaluate the rabbit model on both the acute and chronic phases of MI.
Myocardial fat develops with aging and is commonly seen at right ventricular (RV) free wall and RV outflow tract in humans. Substitution of myocardial tissue by fat is less common in the left ventricle, except for some pathologic conditions such as healed MI, dysplasia, cardiac lipoma, tuberous sclerosis complex, dilated and dystrophic cardiomyopathy, etc. [6] . Myofibroblasts are supposed to play an important role in myocardial healing after MI. These cells produce collagen to constitute scar tissue, prevent infarct expansion, and stabilize ventricular wall of the heart [7] . Cardiac lipomatous metaplasia (LM) refers to the adipose tissue present in the cardiac wall to replace scar tissue within an infarcted territory. Recently, one clinical report showed that the LM occurred more often in hyperlipoproteinaemia patients and in 11% patients with chronic ischemic heart disease (CIHD) [8] . Another paper indicates that 68% of scars associated with CIHD showed the LM on autopsy [9] . How the collagen fiber degenerates into adipose tissue is still unclear. Findings of LM have been seldom described in veterinary subjects [10] , yet never established by both in vivo and ex vivo animal research.
The purposes of this study were as follows: a) longitudinal evaluation of MI by a 3.0 T MRI scanner, and b) comparison of MI between MRI and histopathology findings on both acute and chronic phase. This way, we incidentally identified the presence of LM in rabbits. In this report, we describe such findings and further discuss their implications for translational cardiologic research by cross-referencing pertinent literature.
Methods

Animal models
This study was approved by the institutional ethical committee for animal care and use. Ten male New Zealand white rabbits (Animal House, K.U. Leuven, Belgium) weighing 3.0 kg were sedated, endotracheally intubated and mechanically ventilated. The rabbit received intravenous (i.v.) injection of pentobarbital (Nembutal; Sanofi Sante Animale, Brussels, Belgium) at 40 mg/kg/h to maintain anesthesia during the open-chest operation. A leftside thoracotomy was performed at the fourth intercostal space and a suture was placed underneath the left coronary artery. Reperfused MI was induced by tying the suture with a single detachable knot. Ninety minutes after coronary occlusion and sixty minutes after closure of thoracic cavity, the knot was detached outside the thorax by pulling the exteriorized end of suture in the closed-chest condition [2] . As shown in the flowchart of the experimental procedure ( Figure 1 ), all the animals were imaged for acute phase evaluation with cMRI, 3 rabbits were randomly served as chronic MI models and underwent cMRI 48 hours, 2 weeks, 2 months and 9 months after acute MI for longitudinal observations on morphological and functional changes as well as the fate of the animals.
cMRI
The rabbit was gas-anesthetized with 2% isoflurane in the mixture of 20% oxygen and 80% room air, through a mask connected via a tube to a ventilation instrument (Holliston, MA, USA) and placed supinely in a holder. Using a commercial 8-channal phased array knee coil, cMRI was performed at a 3.0 T clinical MRI scanner (Trio, Siemens, Erlangen, Germany) with a maximum gradient capability of 45 mT/m. The acquisition of cMRI was triggered by ECG and gated by the respiration using a small animal monitoring and gating system (SA Instruments, Inc. Stony Brook, New York). The two surface ECG electrodes were attached to the shaved thorax skin of apparent apical pulse and the left leg. The respiration control sensor was attached on the middle of the abdomen. As shown in Table 1 , cardiac morphology and edema were inspected with T1 weighted imaging (T1WI) and T2 weighted imaging (T2WI), respectively. The cine-MR images were acquired in the short-axis, vertical long-axis and horizontal long-axis planes for displaying cardiac contraction. Each cine-MRI consisted of 25 frames, spaced equally across the cardiac cycle, with the acquisition time of 2.5 min. To evaluate MI, 3D delayed-enhancement (DE-cMRI) was acquired 20 min after bolus iv injection of Gd-DOTA (Dotarem, Guerbet, France) at 0.1 mmol/kg. The ex vivo cMRI on rabbit heart was described previously [2] .
Postmortem histochemical staining
After the cMRI scans at day 2 and month 9, the rabbits were euthanized with overdosed pentobarbital. The excised heart was imbedded in and filled with 3% agar solution of 40°C in a Plexiglas heart matrix for ex vivo cMRI after cooling at −20°C for 15 min. After MRI, the imbedded heart was cut into 3 mm short axis slices similar to that with in vivo cMRI. The slices were incubated at 37°C in 2% triphenyltetrazolium chloride (TTC) solution for 15 min and fixed with 10% formalin for 24 hours. The heart sections in the fresh condition, shortly after TTC staining, and 24 hours after formalin fixation were photographed with a digital camera. One day later, heart sections were imbedded into paraffinblocks, which were then cut into 5 micron thick slices and stained with Masson's trichrome (MTC) and hematoxylin -eosin (HE) for microscopic assessment. MTC staining is used for the detection of collagen fibers in the heart, where the collagen fibers are stained blue and the nuclei are stained black and the background myocardium is stained red. HE and MTC macro-and microscopic photographs were further co-localized and interpreted crossreferencing cMRI findings.
Data analysis
The global LV parameters including end-diastolic volume (EDV), end-systolic volume (ESV), stroke volume (SV), ejection fraction (EF), cardiac output (CO), and LV-mass were determined by tracing the endocardial and epicardial contours on end-distolic and end-systolic cine images with a commercially available software Syngo Argus (Siemens, Germany). The papillary muscles were included in LV mass measurement. Mass in grams was calculated assuming a specific gravity of 1.05 g/cm3.
The planimetry of the percent of MI size on DE-cMRI and postmortem digital photographs were estimated on built in software of the system (SyngoMR A30) and the software Image J 1.38x (Research Services Branch, NIH, Bethesda, MD, USA). All the images were in different order, the estimation of MI size on cMRI and on pathology was performed by two authors separately.
The MI size per slice by MRI was assessed semiautomatically by computer counting of all enhanced pixels within the short-axis image. Enhanced pixels were defined as pixels with signal intensities more than two standard deviations above the mean of image intensities in the remote normal myocardial region on the same images [11] . The sum of enhanced pixels from each of the 6 to 8 short-axis images divided by the total number of pixels within the LV myocardium multiplied by 100%. The global MI size was determined as a percent of left ventricle mass volume (%LV).
The signal intensity (SI) ratio refers to myocardial lesion comparable to normal myocardium on T1WI and T2WI, which was performed on the Siemens workstation using the built-in software by two authors with consensus. For the quantification of SI ratios, a round of region of interesting about 1 cm2 was drawn on the lesion and normal myocardium.
Statistical analyses
Data were reported as mean ± standard deviation (SD). Statistical analysis was performed with Graphpad Prism 5 software. The correlation relationship between EF and MIS was compared by the linear correlation analysis. The agreement between DE-cMRI and TTC measurements of infarct size was assessed by linear correlation analysis. A In-plane resolution (mm 2 ) 0.9×0.9 0.9×0.9 1.2×0.9 1.1×0.8 0.5×0.5 0.6×0.6
Slice thickness (mm)
Number of averages difference was considered statistically significant if the P value was less than 0.05.
Results
General conditions
All rabbits tolerated well the procedures including systemic anesthesia, open-chest surgery, and cMRI. Seven rabbits were used for acute phase and 3 for chronic phase of MI studies. The presence of MI was evident by typical ECG alterations initially, on cMRI during followup and with histomorphology at the end. The 3 rabbits gained body weight from 3.0 to 4.2 kg during the 9 months after the MI insult. They manifested normal behaviors and diet without symptoms of heart failure such as dyspnea, tachycardia, tachypnea, cyanosis, stupor, arrhythmia, and hypothermia. There was no apparent difference that allowed distinguishing one from the other rabbits.
cMRI and histopathology findings 48 hours after acute MI Cardiac global morphology-function analysis on cine-MRI and DE-cMRI showed that the increasing MI size significantly correlates with the decreasing EF (r 2 =0.95; p<0.001), confirming a successful model of AMI ( Figure 2 ). The average sizes of MI (% LV) on DE-cMRI and TTC were 35.41% ± 12.2% and 31.62%± 13.74%, respectively with no significant difference between them (p=0.8). The representative MI on DE-MRI and histopathology of acute MI were shown in Figure 3 . A hyperenhanced transmural zone with sporadic hypointense spots at the anterior lateral wall on DE-MRI ( Figure 3A ). The pale region with dark red spots on TTC histochemically stained section ( Figure 3B ) corresponded to hyperenhanced region with hypointense spots on DE-MRI ( Figure 3A ). Microscopic view of HE stained slide proved the presence of acute reperfused hemorrhagic MI ( Figure 3C ). The linear regression correlation test showed the high correspondence (r 2 =0.83) on MRI and TTC ( Figure 4 ).
Longitudinal cMRI findings during 9 months
The global functional parameters of EDV, ESV, SV, CO, EF and LV-mass were derived from cine cMRI for 48 hours and 9 months after MI and listed in Table 2 . Although the small sample size did not allow comprehensive statistical analyses, a considerable increase of the EF was noticed in these 3 rabbits after 9 months of MI.
The longitudinal changes of SI ratio on T1WI and T2WI averaged from three LM animals were showed in Figure 5 . On T1WI, the SI ratio was closed to 1 from 48 hours and 2 weeks after MI, the ratio dropped below 1 in 2 months, but rebounded to about 1.5 after 9 months. On T2WI, the SI ratios were about 2.5 and 2 on 48 hours and 2 weeks due to the serious edema during the first two weeks, decreased to about 1 on 2 months as a result of fibrosis; and increased to 1.5 after 9 months with the LM formation. The ratio changes on both T1WI and T2WI display a step-by-step evolution from myocardial necrosis through fibrosis to adipose substitution.
The gradual identification of LM formation was shown in Figure 6 .
Acute MI stage ( Figure 6 A1-A5): 48 hours after reperfused MI, the infarcted region appeared almost isointense on T1WI, but hyperintense to a larger extent at the lateral and inferior wall involving a papillary muscle (LCx supplied area) on T2WI. DE-cMRI revealed a hyperenhanced area at the lateral and inferior wall, which was smaller than that shown on T2WI (Figure 6 A2 ). Cine-cMR showed homogenous signal but hypokinetic on the lateral wall ( Figure 6 A4, A5 ). These were similar to what have been described for rabbits with acute MI [10] .
Early chronic MI ( Figure 6 B1-B5): 2 weeks after MI, the infarct remained isointense on T1WI and hyperintense on T2WI, but the hyperintense area on T2WI became smaller than that at 48 hours ( Figure 6 B2 vs. A2), suggesting resolved edema. DE-cMRI showed hyperenhancement both at the lateral wall and papillary muscle ( Figure 6 B3) , which was thinner than that seen at 48 hours ( In this case, the final LM sizes were approximately 25.13%, 24.87%, and 24.14% of the ventricular volume as quantified by in vivo T1WI, ex vivo T1WI and TTC.
The other 2 rabbits manifested smaller LM 9 months after MI as exemplified on Figure 7 . Interestingly, although LM was hardly detectable by cMRI in this case (Figure 7 A-E), photomicrographs do demonstrate sporadic or patchy presence of adipose deposition in the lateral ventricular wall and posterior papillary muscle (Figure 7 E1-E3), suggesting LM change to a lesser extent. After 9 months of MI, all cases failed to show typical delayed enhancement on DE-MRI ( Figures 6 and 7) , suggesting ceased tissue reactions in the healed MI.
Discussion
With an increasing importance in cardiovascular medicine, cMRI has been widely recognized as an accurate and reliable means for assessing cardiac anatomy and function, and for identifying different infarct components such as edema, necrotic tissue, fibrotic scar, fat or calcium after MI [8, [12] [13] [14] [15] . The black-blood spin echo sequences with T1WI and T2WI, the bright-blood steady-state sequences on cine MRI, and the contrast-enhanced cMRI are most useful for determining the presence, extent, and underlying pathophysiological changes in acute, subacute and chronic MI.
In this study, by using a clinic 3.0 T MRI scanner, we imaged rabbit MI models on both acute and chronic phases. The excellent correspondence of cMRI and histopathology confirmed the useful model of reperfused MI in rabbits and its application in cMRI studies at a clinic 3.0 T magnet. We were able to follow up the MI by cMRI for 9 months. The T2WI showed well demarcated hyperintensity in the acute MI as a result of cytotoxic and vasogenic edema 24 hours after the insult. This hyperintense region was larger than the contrastenhanced region on DE-cMRI. The latter is regarded as the irreversible core of necrosis. Edema is generally maximal at 48 to 72 hours beyond myocardial ischemia and resolved over 2 weeks, as revealed on T2WI [11, 16] . The infarct did not appear much differently on T1WI between 24 hours and 2 weeks, but became hypointense on T1WI at 2 months and was moderately enhanced on DE-cMRI, suggesting the formation of fibrotic scar. The signal intensity of MI remained enhanceable from acute through subacute until chronic stage at 2 months, but became unenhanced on DE-cMRI at 9 months. The functional studies of cine-MRI confirmed the systolic dysfunction of the left ventricle, showing a marked thinning and hypokinetic movement of the lateral and inferior wall. At month 9, the bright signal intensity characteristic of LM was demonstrated on both T1WI and T2WI, suggesting locally enriched fatty tissue of high proton density. This hyperintensity was drastically reduced by using a fat suppression technique as seen on ex vivo cMRI, indicating the presence of adipose LM. The diagnosis of LM was finally established by using the gold-standard histological staining methods that revealed the underlying adipose component in infarcted territories.
Since fibrotic scar was almost completely substituted by adipose tissue, the infarct could no longer be enhanced on DE-cMRI, which is in line with what was found in a patient [17, 18] . Using MR fat-water separation imaging to evaluate chronic MI, the fat deposition was predominately found at mid myocardia or mid pericardia [19] . Other CT studies suggest that fat deposition often affects the subendocardium [20] [21] [22] . Interestingly, it was shown in our animal study that little fibrotic tissue was left and the fat infiltrated entirely from endocardium to epicedium within the infarct over several months. Therefore, the location and extension of adipose deposition in LM vary depending likely on the exact situations of individual MI patients, without a common pattern. Clinically, transformation of a compact scar into compressible and "sliding' adipose tissue may worsen ventricular wall function, thus facilitating and/or aggravating aneurysm formation [9] . However, this concern was not evident in our rabbit experiment, probably due to the difference of induced MI in a healthy heart from rabbits versus spontaneous MI in atherosclerotic human patients.
Although the lineage of adipocytes still remains unclear, preadipocytes are undifferentiated fibroblasts that could be stimulated to form adipocytes [23, 24] , or pluripotent myofibroblasts may differentiate into adipocytes. Not only the etiology and pathophysiology but also clinical aspects of the LM deserve research attentions. It is unclear whether the LM affects long-term prognosis. Substitution of scar tissue by LM is often associated with severe heart failure and is more frequently and extensively seen in CIHD [9] . It has been suggested that therapeutic approaches (e.g. ACE inhibitors and statins) in the management of IHD may promote the development of adiposity within scar tissue [24] . If confirmed, this also raises the intriguing possibility to therapeutically modify the Figure 5 The changes of signal intensity (SI) ratio with time on T1WI and T2WI of three LM cases. On T1WI, the SI ratio remained almost the same on 48 hours and 2 weeks after MI, decreased 2 months later indicating the formation of fibrotic scar; but elevated drastically after 9 months suggesting the substitution of fibrosis with the LM. On T2WI, the high SI ratio declined gradually from 48 hours to 2 weeks reflecting the serious to resolved edema, followed by a normalized ratio on 2 months due to fibrosis. The ratio after 9 months increased again due to the LM. The ratio changes on both T1WI and T2WI display a step-by-step evolution from myocardial necrosis through fibrosis to adipose substitution.
underlying processes to promote myocyte, rather than adipocyte, generation. Our rabbit model may also be used in research for this purpose.
By combining in vivo longitudinal cMRI with postmortem histological verification, we were able to experimentally describe, for the first time to our knowledge, the LM phenomena. We noticed 1) the infarcted ventricular wall did not become thinning at 9 months after MI as expected; 2) the LM region was stained whitish by TTC in contrast to brick-red normal myocardium, which was confused with acute MI and left a question about its histological nature; 3) H&E photomicrographs indicate that damaged myocardium is replaced by large quantity of adipocytes infiltrated with macrophages, i.e. the MI Figure 6 Longitudinal evaluation of progressive changes from infarcted myocardium to large LM (arrows) by in vivo, ex vivo cMRI and histological study. Serial images of the midcardiac slice by T1WI (A1-D1), T2WI (A2-D2), DE-MRI (A3-D3) and Cine-MRI (A4-D4 and A5-D5) were taken at 48 hours (A1-A5), 2 weeks (B1-B5), 2 months (C1-C5) and 9 months (D1-D5), respectively. Acute (48 hours) MI (A1-A5): The infarct appeared isointense on T1WI (A1); hyperintense including papillary muscle on T2WI (A2); hyperenhanced on DE-cMRI (A3); and isointense but hypokinetic on Cine-MRI (A4, A5). Early (2 weeks) chronic MI (B1-B5): The infarct remained isointense on T1WI (B1); hyperintense but smaller on T2WI (B2); hyperenhanced transmural on DE-MRI, thinner than before (B3); and dyskinesia of the lateral wall on Cine-MRI (B4, B5). Chronic (2 months) MI (C1-C5): slightly hypointense on T1WI (C1); almost isointense with irregular, boundary on T2WI (C2); moderately enhanced on DE-MRI (C3); partially signal lost on the fat suppression Cine-MRI, suggesting the initiation of LM (C4, C5). Healed (9 months) MI (D1-D5): hyperintense with clear boundary on T1WI (D1); moderately hyperintense on T2WI (D2); lack of contrast enhancement on DE-MRI (D3); and signal void on cine-MRI with fat suppression (D4, D5). Postmortem T1WI and T2WI MRI with fat suppression (E1, E2): drastic signal losses corresponded to the high signal on in vivo T1WI and T2WI (D1, D2), suggesting large LM. Macroscopies (F1: fresh section; F2: 15 min after TTC staining; F3: 24 hours after TTC staining) corresponded well with MR images. Fat extensively occupied TTC-negative region. Histology (G1-G4): MTC stained photograph (G1) and photomicrograph (G2) (magnification, ×100) and H&E stained photograph (G3) and photomicrograph (G4) (magnification, ×100) demonstrated clearly LM, with high densities of the adipose cells surrounded by few fibers and macrophages. Dashed square indicates where microscopy was focused.
was entirely substituted by LM; and 4) MTC stained photomicrographs reveal few collagen fibers left.
Post-infarct LM is increasingly reported in clinical patients with very limited histological evidence. It usually occurs several years or over one decade after MI [8, 17, 22, 25, 26] , much longer than the cases in this animal study. This should not be surprising, because 9 months in rabbits approximate 8 years in humans to form LM, considering their lifespans in proportion. Therefore, the faster evolution of MI in rabbits may provide a good opportunity to study the mechanisms of LM and to develop new therapeutic interventions.
The rabbit appears an ideal animal for cardiac research [1, 3, 10, 27] . Comparing to large animals such as pigs, sheep, and dogs, the mid-size rabbit can be easily handled in addition to its inexpensiveness. Small animals such as rats and mice need dedicated higher field MRI facilities, which are not universally available. We believe multiparametric capabilities of cMRI at a standard clinical magnet in combination with a rabbit model make it an ideal modality to noninvasively identify cardiac pathologies including LM in vivo.
Study limitations
The major weakness of this work is the small sample size and only 3 rabbits with chronic MI were studied longitudinally with cMRI, partially due to the constrains of animal protection and limited housing space. Secondly, this study was not by intention to address the LM, and therefore only some cMRI sequences were applied for detection of fat. The LM was only recognized incidentally at 9 months after MI induction. Nevertheless, the collected evidences especially from the evolving features on cMRI Figure 7 Longitudinal evaluation of the changes of damaged myocardium (arrows), which progressively changed into scar tissue with moderate LM by in vivo and ex vivo cMRI in combination with postmortem histomorphology. Serial images of the midcardiac slice by T1WI (A1-C1), T2WI (A2-C2), DE-MRI (A3-C3) and Cine-MRI (A4-C4; A5-C5), respectively, taken at 48 hours (A1-A5), 2 months (B1-B5) and 9 months (C1-C5). Acute (48 hours) MI (A1-A5): The infarct appeared as isointense region on T1WI (A1); more extensive hyperintense region on T2WI (A2); hyperenhanced area including papillary muscle at the lateral wall on DE-MRI (A3); and isointense but hypokinetic region at the lateral wall on Cine-MRI (A4, A5). Chronic (2 months) MI (B1-B5): The lesion became almost isointense on both T1WI (B1) and T2WI (B2); moderately enhanced with blurred edge on DE-MRI (B3); and almost normal contraction and signals on the fat suppression Cine-MRI (B4, B5). Healed (9 months) MI (C1-C5): The lesion appeared slightly hyperintense on T1WI (C1) and T2WI (C2); no contrast enhancement on DE-MRI (C3); and partially lost signals on the fat suppression Cine-images, suggesting occurrence of little LM (C4, C5). Ex vivo T1WI without fat suppression (D1): there exist patching high signals on the later wall. Ex vivo T2WI with fat suppress (D2): the signal void area corresponded to the region with high signal on T1 WI, indicating the region of little LM. Photograph of macroscopic TTC section (E1): the clear distinction between normal myocardium and TTC negative region is observed. Photograph of macroscopic HE stained slide (E2): the region corresponding to TTC negative area appeared inhomogeneous, suggesting mixed scar tissues. Dashed square indicates where microscopy was focused. Photomicrograph of HE staining (E3) proves the presence of the adipose cells mixed with fibrotic scar (magnification, ×100). N: normal myocytes; S: scar tissue; LM: lipomatous metaplasia. and the characteristic changes on pathological specimens do justify this reliable finding of the LM in rabbits.
Conclusion
We validated 3.0 T cMRI for evaluation of acute and chronic MI in rabbits and presented a new finding of the LM in rabbits with chronic MI after a longitudinal (from 48 hours to 9 months) follow-up using cMRI in correlation with histopathology. The in vivo cMRI corresponded well to ex vivo MRI and histomorphology, suggesting a promising animal model and research platform for further study on the mechanisms and possible therapeutic interventions of LM.
